Deuterium atoms form a fascinating spin-one Fermi fluid of moderate density. Several properties of this fluid are evaluated using the self-consistent Green-function method of many-body theory.
I. INTRODUCTION A key purpose of this paper is to test how well properties of a moderately dense Fermi liquid such as atomic deuterium may be evaluated using Green-function methods. The Green-function method we employ is set out in several standard texts on many-body theory. ' We implement the method to evaluate the ground-state energy, single-particle properties such as particle energies, lifetimes, and effective mass, and the interaction appearing in the dynamic susceptibility. We test the results using internal consistency such as the Hugenholtz -van Hove theorem, the equality of effective mass calculated in different ways and by comparison with Monte Carlo (MC) and correlated basis function (CBF) calculations.
The present work is similar in spirit to that of Mahaux and collaborators " and of Dickoff; Polls, and Ramos' ' in nuclear matter. Particularly, we emphasize the role of two-hole -one-particle (HHP) or correlation terms in the self-energy and the consistent treatment of particle and hole propagation. The deuterium atom consists of a single electron and a deuteron nucleus having nuclear spin I=1. The deuterium atom is a composite fermion. ' We assume the elec- (D3i) , is set out in Sec. IV. The starting point is the first-order self-energy using a T-matrix interaction.
Results for the singleparticle energies, the effective mass, the ground-state energy, the particle-hole interaction derived from the selfenergy using the Baym- (p, -p3) +i f d5v(p, -p )G, (5)G (6)I (56, 34) with a similar equation for I with indices 3 and 4 interchanged. We call this the Galitskii-Feynman T matrix.
By using (4), both the Hartree (I +) and Fock (I +) terms are included in (3). The GFHF self-energy (3) and the GF T matrix (5) are depicted graphically in Fig. 2 . The bare potential v (r) enters the theory via (5).
For Gz(2) in (3) and Gi(5) and Gz(6) in (5), we assume the free-particle form The GFHF approximation consists of iterating the above equations (2) - (4) and (8) Fig. 3 
following Ramos et al. ' Here P (H) denotes a particle (hole) contribution to X in the spirit of the hole-line expansion, as specified below. In (6), we saw that the Green-function separates naturally into a particle and a hole term. From (8), the T matrix separates into a PP and a HH term. This separation appears generally in the Lehman representation of I . Suppressing the momentum indices, this representation is which is the same as the second-order self-energy (9). Thus, the second-order term (9) is not topologically distinct from the first-order GFHF term.
-:
To compare with previous studies' ' ' and to identify the origin of specific properties, it is convenient to where p=eF. The I pp(E) has particle poles lying below the real axis at E=2p+x -ig Sub. stituting (14) and (6) into (3), the self-energy is
In (15) Using the analytic properties of 1 in (14), the imagi-
P2 I ' co)+co2 n2 (2' ) dp r" (p) ' ----,+, -y which is the form we evaluated. From (17) it is clear that X"(p"co,) must vanish at co, =p, .
Combining terms in (15) and using the analytic properties of 1 in (14), the real part of X(p, co) may be written as
=~PPH ( In this section we present results for the single-particle energies s(k), the effective mass m*(k), the ground-state energy E, and the particle-hole interaction I I, , within the GFHF approximation in Sec. V A -V D, respectively. A. Single-particle energies The GFHF single-particle energies are given by Eqs.
(2) and (3). From (2) and (18), the real part of the onenergy-shell single-particle energy is ReE(k) 
Here E (k)=(haik) /2m, I'(12, EI+s2) is the diagonal and on-energy-shell T matrix (8) Fig. 4 we see that Res(k) for DI moves to lower energy as the density 0 n is increased. Here n, =3.5X10 A is the saturation density. However, the shape of ReE(k) in Fig. 4 is largely independent of density. The lme(k) is positive for k & kF due to X HHp and negative for k ) kF due to X ppH.
In Fig. 5 for Dz~we see that ReE(k) shows a flattening at k=kF. The magnitude of this flattening increases with increasing density. In Fig. 6 pected since the present many-body theory is a lowdensity theory. Also, in D&~the exchange interaction operates between all spins. This exchange correlation is included in the GFHF self-energy and provides correlations between all particles in D&~. The exchange correlations in D, reduce the need for an explicit description of higher-order correlations so that GFHF is a better theory for D, than for D2 or D3.
Convergence of the iteration was slowest and least stable for Dz and D3 at high density. In Fig. 8 In Fig. 9 Fig. 9 are calculated from an average of (29) over the final few spectra e(k) to obtain smooth values.
In Fig. 10 Fig. 11 . In this case there is no effective mass enhancement and m *(k) appears to decrease with increasing density if anything. We do not attribute any significance to the small peak in m *(k) at the low density n =0. 74m, in D&~.
In Fig. 12 we compare m (k) for Di, Dzi, and D3 at their respective saturation densities.
The increasing enhancement of m*(kF) with an increasing number of spin states strongly suggests the enhancement is related to spin fluctuations. The width of the peak in m "(k) is comparable to that found in nuclear matter. ' The enhancement here is due almost entirely to the correlation term XHHp which produces the flattening of E(k) at k =kF. We have not attempted to separate m into its "k mass" and "E mass" components.
In Table I we compare the m *(kF ) at k = kF obtained Table III ). There is clearly a very sensitive cancellation between kinetic and potential energies making a precise calculation of E difBcult.
We included the Cx term in (31) solely to test the sensitivity of n"E"and A to the fit used. Table II Eo(Q) given by f(p u' p p') =~(u p' u p') = f'(s»s"' p p') .
Note that, if l(p, p', p, p') were frequency independent, f(p s ' p p') =~(s»u' u s ') due to the analytic structure of G (q). In Table IV we show Landau parameters calculated from this approximation. The details of the analysis are given by Clements et al. and here we mention only that the total energy in the T matrix is set at E =2E(k~). These are Landau parameters at saturation density n, using the self-consistent T matrix. They are in dimensionless units
In (35) is necessary.
In Fig. 16 Fig. 17 , the density dependence of I(Q) is displayed. From Fig. 17 (k ) and E /N of approximately this magnitude. This discrepancy rejects the lack of consistency between the e(k) and E/N, suggesting particularly that higher-order terms contributing approximately +0.3 K remain to be included in the theory.
In Fig. 7 we saw that, for k =kg XppH(k Fi, ) Table V ). Including XHHp may be viewed as completing the GFHF approximation. As discussed in Sec. III, the complete GFHF self-energy includes both the first-and second-order self-energy terms with the interaction I given by a T matrix. The second-order term, depicted in Fig. 3 , may be viewed as the leading term in the "bubble" or RPA series of terms. Blaizot and Friman find that including the whole "bubble" series reduces the size of contributions arising from X' ' in Fig. 3 , at least for a local interaction. It would be interesting to include this "bubble" series using a T matrix to explore its impact in liquid He and D~.
